Abstract-We present a theoretical approach that terahertz surface plasmon polaritons (THzSPPs) are tuned by temperature in a stack of dielectric and semiconductor with periodic corrugations. Based on Rayleigh hypothesis, we show that when THz electromagnetic wave illuminates the waved stack, temperature-dependent THz-SPPs are excited. At resonant modes, reflection dips or Fano-type resonance shape are found. With increasing the temperature difference of the upper and lower semiconductor layers in the stack, transmissions increase and reflections decrease significantly. Our investigation indicates that such stacks may achieve potential applications in thermally controlled THz devices.
INTRODUCTION
When metallic nanostructures are illuminated, the incoming radiation may couple to surface charge oscillations and excite the surface plasmon polaritons (SPPs) [1] . It is well known that SPPs are responsible for the near-field enhancement, which may have potential applications in optics and photonics [2] [3] [4] [5] . Up to now, most investigations on SPPs have been focused on the patterned metal surfaces in the visible and infrared regions.
However, it is found that the real part of the permittivity of some semiconductors can be negative at terahertz frequencies and they can also support SPPs [6] [7] [8] . For example, the thermal switching of THz SPPs scattering has been studied in groove arrays of indium antimonide (InSb) [6, 7] . The THzenhanced transmission has also been observed through the slit surrounded by periodic grooves of silicon wafer by optically modifying the propagation lengths of THz SPPs [8] . As we know, terahertz science and technology can bridge the gap between photonics and electronics, which provides a powerful tool for the characterization of semiconductor and biomolecule materials [9] . And THz spectroscopy and imaging may achieve a wide range of applications in biology and medicine [10] [11] [12] [13] . Therefore, the further research on THz SPPs will benefit the improvement of THz sensing and imaging.
In this work, we theoretically study the normal transmission and reflection influenced by THz SPPs in a periodically corrugated stack of three layers (InSb/Silicon/InSb) when it is illuminated by p-polarized THz electromagnetic waves. The temperature difference between the upper and lower InSb layer can be changed in order to tune the reflection and transmission properties. It is shown that temperature-dependent THz SPPs are excited. The first order and the second order resonant modes are observed. At those modes, reflection dips or Fano-type resonance shape are found. Time averaged magnetic field distributions are also given to illustrate the influence of temperature on these resonant modes. With increasing the temperature difference of the two InSb layers, transmissions increase and reflections decrease significantly. Our investigation indicates that such stacks may achieve potential applications in thermally controlled THz devices.
THEORETICAL APPROACH
In order to excite THz SPPs, the stacks of InSb and silicon are designed with periodic corrugations (as shown in Fig. 1 ). The average thickness of the InSb layer d and the average thickness of the silicon layer D are set to be indentical in our calculation. The interfaces can be written in the form of y j = h j + a sin(k g x) at the xy plane, and h j = (5/2 − j)d (j = 1, 2, 3, 4). Here a is the corrugation height, k g = 2π/λ 0 is the grating vector, and λ 0 is the corrugation period.
The THz electromagnetic wave illuminates upon the stack in normal incidence. Based on Rayleigh hypothesis [14] , the reflection and the transmission spectra can be obtained theoretically. The theoretical treatment includes the following processes: (i) The magnetic fields in each media of the stack are expressed as Rayleigh expansions in terms of spatial harmonics with periodic boundary condition. (ii) An infinite set of coupled amplitude equations is obtained. (iii) We truncate the superposition of all the spatial harmonics and solve the coupled amplitude equations. (iv) The reflectivity and the transmittivity are calculated. This theoretical treatment is similar to that in Ref. [15] , and Rayleigh hypothesis has been made to be valid [16, 17] in our calculation.
NUMERICAL CALCULATION AND DISCUSSIONS
Due to the fact that InSb has a high electronic mobility (about 7.7 × 10 4 cm 2 V −1 s −1 ) and a small band-gap (about 0.17 eV) [18] , when the temperature varies from 225 K to 325 K, there are a significant number of thermally excited carriers in InSb, which makes InSb to behave as a metal at the THz region [6, 7] . Thereafter, the dielectric functions of the InSb film is characterized by a Drude-type function
where ε ∞ is the high-frequency permittivity, ω p (T ) is the plasma frequency and Γ(T ) is the temperature-dependent collision rate. Therefore, at this temperature range, the real part of permittivity for InSb becomes negative in the THz range, and the InSb film presents the metallic characteristic. While for 10 KΩcm silicon from 0.1 THz to 2.0 THz, the refraction index is about 3.418 which is independent of frequency and temperature [19, 20] . The loss in 10 KΩcm silicon is very small and neglected in our calculation. Therefore, THz SPPs may be excited at the InSb/air or InSb/Si interface and the resonant modes can be tuned by temperature. In our calculation, the parameters of the stack are set as λ 0 = 440.0 µm, d = D = 7.0 µm, and a = 15.4 µm. Besides, the permittivity of InSb is obtained from Eq. (1) by using the data for both ω p (T ) and Γ(T ) in Ref. [6] . The temperature of the lower InSb layer is set as 325 K, and we change the temperature T 1 of the upper InSb layer. Thereafter, the temperature difference ∆T of the two InSb layers can be defined as ∆T = 325 − T 1 . The calculated reflection and transmission spectra are shown in Fig. 2 .
The incident radiation can be coupled to the THz SPPs in the stack because the periodic corrugations provide additional momentum. The THz SPPs are resonantly excited in the stack, which happens at the momentum matching of
Here, λ is the wavelength of incident light, and ε i represents the permittivity of the air or silicon, ε(ω, T ) is given by Eq. (1) . k // is the in-plane wave vector, which is zero in normal incidence. In the terahertz region from 0.1 THz to 2.0 THz, the magnitude of real part of ε(ω, T ) is far more than ε i . Hence, the square root in Eq. (2) can be set as 1, and the resonant wavelength is just related to the period of the stack. From Fig. 2 , we can find that the 1st order InSb/Si SPPs modes, 1st order InSb/air SPPs modes and 2nd order InSb/air SPPs modes are excited at the frequencies of 0.17 THz, 0.68 THz and 1.34 THz, respectively. The magnitude of the 2nd order InSb/Si SPPs mode is too small to be observed in our model. At those resonant modes, reflection dips or Fano-type resonance shape are found. Time averaged magnetic field distributions are also given to illustrate the influence of temperature on those resonant modes in Fig. 3. From Fig. 3 , we can find that for low temperature of the upper InSb layer, the field is mainly focused in the middle silicon layer as shown in Figs. 3(a) and (b); while for high temperature, the field mainly exists in the upper and lower InSb layer as shown in Figs. 3(c) and (d) . It is possible to tune significantly the reflection and the transmission by changing the temperature difference in the stack. Fig. 4 presents the temperature-dependent reflection and transmission when 1.0 THz electromagnetic wave illuminates normally on the stack. It is shown that when the temperature difference of the two InSb layers increases from 0 K to 100 K, the reflectivity decreases from 86.5% to 29.5%, and the transmission increases from 0.07% to 1.2%. This feature originates from the fact that the permittivity of InSb is changed by varying the temperature (as shown in the inset of Fig. 4) . Obviously, the corrugated stacks provide a convenient way to control electromagnetic properties of the THz devices simply by changing temperature instead of by changing geometrical parameters of the structure. 
CONCLUSIONS
Based on Rayleigh hypothesis, we study the transmission and the reflection influenced by THz SPPs in the periodically corrugated stack of three layers (InSb/Silicon/InSb) when it is illuminated by THz electromagnetic waves. Starting from the coupled amplitude equations of electromagnetic waves, we obtain the reflectivity and the transmittivity in the perpendicular incidence. It is shown that temperature-dependent THz SPPs are excited, the first-order and the second-order modes are observed. At those resonant modes, the reflections are obviously suppressed, which leads to the reflection dips or Fano-type resonance shape. With increasing the temperature difference of the two InSb films, transmissions increase and reflections decrease significantly. Our investigation indicates that such stacks may achieve potential applications in thermally-controlled Terahertz devices.
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